AlCrN coatings were deposited on steel substrates (HS6-5-2) using cathodic arc evaporation. The effect of nitrogen pressure on the properties of CrAlN coatings formed from Al 80 Cr 20 cathode, such as chemical and phase composition of the coatings, surface morphology, deposition rate, hardness and adhesion to the substrate, and friction and wear were investigated. The coating deposited at nitrogen pressure of 3 Pa shows the highest deposition rate. The roughness parameter Ra of the coating surface decreases with increasing nitrogen pressure during its formation. The test results showed that the AlCrN coatings deposited under nitrogen pressure in the range from 1 to 5 Pa show similar hardness for all the coatings, which is around 17 GPa. The increase in the negative bias voltage of the substrate during the formation of the coating deteriorates its adhesion to the substrate, although the wear rate is rather good, about 1.4 3 10 27 mm 3 /Nm. The coatings deposited at nitrogen pressure of 3-4 Pa are characterized by the highest critical load, 95 N. Despite worse adhesion, these coatings are characterized by high resistance to wear, the wear rate is about 1.4 3 10 27 mm 3 /Nm.
Introduction
Chromium nitride coatings are used extensively in metalworking due to its good mechanical and tribological properties as well as corrosion resistance (Ref [1] [2] [3] [4] [5] . The industry requirements related to the increase in efficiency and speed of machining processes make the problem of durability and reliability of cutting tools extremely important. Not all coating materials meet these requirements. CrN is applied to protect cutting tools, but their hardness and oxidation resistance are not always enough to meet the requirement of modern mechanical machining. There are different ways to improve mechanical and tribological properties of the coatings. One of the methods is addition of metallic or non-metal elements such as Ti, Si, Ta, Al, Nb, C, B to CrN. It is known that better coating properties are strongly associated with its unique microstructure.
One of the most promising ternary systems is Al-Cr-N. AlCrN is particularly attractive due to their excellent resistance to oxidation and mechanical properties as well as chemical stability (Ref 6) . AlCrN has better wear resistance due to the formation of permanent oxide layers on the worn surfaces. Adding aluminum to CrN increases wear resistance at high temperatures (Ref 7) . AlCrN coatings show very high hardness at elevated temperatures and resistance to wear under extreme mechanical stress. The properties depend on the aluminum concentration in the coatings. Below 75% of Al in CrN a regular c-AlN phase is formed (Ref 8, 9) . Al-Cr-N coatings, compared to CrN, TiN and TiAlN, are characterized by resistance to oxidation up to 850-900°C (Ref 10, 11) and almost constant hardness up to 800°C (Ref 12) . Increase in aluminum concentration promotes the formation of the hexagonal phase of h-AlN and reducing the hardness of coatings and leading to drastic degradation in the strength (Ref 13) . The hexagonal AlN phase is more stable than the cubic phase, thus the transformation of the cubic to hexagonal phase will occur spontaneously. Thus, at elevated temperatures c-AlN fi hAlN phase transformation occurs (Ref 13) . Cubic structure shows improvement in wear resistance and thermal stability compared to the hexagonal structure (Ref 14) .
AlCrN coatings can be produced by various methods, including magnetron sputtering (Ref [14] [15] [16] [17] [18] , HIPIMS (Ref [19] [20] [21] and cathodic arc evaporation (Ref 8, 9, (22) (23) (24) (25) . Dependent on the deposition method applied and the technological parameters of coating deposition, different structure and mechanical properties can be obtained.
The coatings deposited using magnetron sputtering from Al 70 Cr 30 The mechanical and tribological properties strongly depend on chemical composition of the coatings.
Despite extensive testing of AlCrN coatings, there are only a few articles dedicated to their deposition in a wide range of nitrogen pressure (Ref 13, 18, 30) . We state, that most of them concern the formation of AlCrN coatings by magnetron sputtering. Therefore, we decided to form AlCrN coatings by means of arc deposition technique in a wide range of nitrogen pressure to obtain samples for comprehensive testing including adhesion, and especially wear. To the best of our knowledge, the wear resistance of AlCrN coatings deposited by arc using the Al 80 Cr 20 target has not yet been studied systematically.
The aim of the work is to determine the effect of AlCrN deposition parameters on its structure, morphology and mechanical properties. The coatings were obtained by the cathodic arc sputtering method using Al 80 Cr 20 target on HS6-5-2 high-speed steel substrates. The variable parameter during the coating process-nitrogen pressure ranges from 1 to 5 Pa.
Experimental

Coating Deposition
AlCrN coatings were deposited by cathodic arc evaporation on HS6-5-2 steel substrates using a semi-industrial TINA 900 M device (Ref 31) . AlCr alloy cathodes (80:20) with a purity of 99.99% with a diameter of 100 mm were applied. Substrates with a diameter of 32 mm and a thickness of 3 mm were ground and polished to a roughness parameter Ra of approx. 0.02 lm, and then they were washed in an alkaline bath in an ultrasonic bath, rinsed in deionized water and dried by warm air. The substrates were mounted on a rotating holder parallel to the surface of the evaporated cathode, in the working chamber at a distance of 18 cm from the sources.
The vacuum chamber was evacuated to a base pressure of 1 mPa. Then the substrates were heated to a temperature of about 350°C. The process of coating deposition was preceded by etching by argon and chromium ions under conditions: voltage À 600 V, argon pressure in the chamber 0.5 Pa, time 10 min. The Cr arc current was 80 A. The purpose of etching was to remove weakly bound particles from the etched surface. A thin layer of chromium to improve the adhesion of the coatings to the substrate, approximately 0.1 lm thick, was deposited to the substrate before proper coating. The coatings were deposited at substrate bias voltage À 100 V. The AlCrN coating process was carried out at arc current of 80 A under nitrogen pressure of 1, 2, 3, 4 and 5 Pa. The pressure and gas flow control was carried out with the use of a Baratron capacitance head and MKS flowmeters.
Characterization of the Coatings
The thickness of the coatings was determined by the spherical grinding method (CALOTEST) according to the PN-EN ISO 26423:2016-05 standard. The surface roughness measurements were carried out using a Hommel Tester T8000 profilograph.
The coatings were tested using the following test methods:
• X-ray analysis (X'Pert PANalytical, CuKa radia- • The wear (pin-on-disk); normal load-20 N, sliding distance-2000 m, sliding speed-0.2 m/s, counterpart-Al 2 O 3 ball with 10 mm in diameter, dry sliding. The wear rate k v was calculated as a ratio of the material volume V removed during the friction test divided by the product of the normal load L and the sliding distance s,
The wear volume was estimated from the sectional area of wear S (made perpendicular to wear track) in the coating and the perimeter of wear track. The area of five randomly chosen wear profiles was averaged.
Results and Discussion
The coatings were deposited using Ar 80 Cr 20 cathode. Dependent on the pressure of nitrogen, their thickness ranged from 3.5 to 4.5 lm. With the nitrogen pressure, the coating deposition rate increases to about 36 nm/min (at 3 Pa) and then decreases, as shown in Fig. 1 . This difference in the deposition rate can be caused by the resputtering phenomenon (Ref 34) . The effect of this phenomenon can be significant due to the relatively high substrate bias voltage À 100 V. An increase in nitrogen pressure may result in two competing mechanisms. First, the amount of nitrogen ions taking part in the coating formation increases (the deposition rate increases). Secondly, as a result of the increased number of collisions, typical for high nitrogen pressure, ion mobility is reduced, therefore the number and kinetic energy of the species approaching the substrate is significantly reduced. It may cause a decrease in the coating deposition rate. This effect had previously been observed (Ref 30) .
Another explanation can be related to target poisoning (Ref 34). AlN phase decomposes at 3000°C. This temperature is significantly higher than the melting point of the Cr (1870°C). It means that aluminum nitride phase forms on the top of the AlCr target which reduces the sputter rate and the thickness of coatings decreases with increasing nitrogen pressure (Ref 18).
The higher values of the deposition rate are probably related to the other chemical composition of the cathode applied and the technological parameters of the coating deposition. Wang et al. (Ref 13) applied the cathode AlCr with composition 67:33. The results of our tests of AlCrN coatings indicate that the composition of the cathode has a decisive influence on the thickness of the coating (deposition rate).
EDX investigations of the coatings show the presence of nitrogen, aluminum and chromium, and about 0.5 at.% of oxygen. The occurrence of oxygen is an unintentional effect of the coating deposition technique-cathodic arc evaporation. Analysis of the chemical composition of coatings (Fig. 2) indicates that an increase in nitrogen pressure from 1 to 5 Pa during deposition results in increase in the concentration of nitrogen in the coating by about 1 at.%. Simultaneously there is a change in the concentration of the metallic elements of the coating, a reduction in the aluminum concentration by about 2 at.% and increase in chromium concentration by about 1 at.%.
The EDX method does not provide sufficient accuracy for light elements such as oxygen, nitrogen or carbon, therefore the ratio of aluminum to the sum of metallic elements (Al + Cr) in the coating was determined. The ratio Al/(Al + Cr) differs slightly from the composition of the cathode (80:20) and indicates generally the loss of aluminum in the coating with the increase in nitrogen pressure during the process of the coating synthesizing, as has been demonstrated previously (Ref 18, 28) . This is probably related to the lower atomic mass of aluminum, which may cause a greater dispersion of aluminum ions compared to chromium in collisions with nitrogen ions and leads to lower condensation of aluminum on the substrate.
In The requirement for the correct hardness measurement of the coatings with a thickness of a few micrometers is the selection of a suitable depth of penetration indenter no larger than 1/10 of the thickness of the coating to eliminate the interaction of the substrate. For coating thicknesses in the range from 3.5 to 4.5 lm, the indentation depth would be slightly higher than the Ra roughness parameter. However, it is known that the indentation depth should not be less than 20 9 Ra. Therefore, the method described by Romero et al. (Ref 28 ) was applied. The rough coatings were polished using fine-grained (2 lm) diamond powder. After this operation, significantly reducing the surface roughness of the coating (up to about 0.05 lm), the hardness was determined with much lower measurement uncertainty. During polishing, the thickness decreased by about 0.1 to 0.2 lm. This slight reduction in thickness did not affect the hardness measurement.
The results of hardness for AlCrN coatings deposited at various nitrogen pressures are shown in Fig. 6 . The minimum hardness, below 16 GPa, is visible for the coating deposited at nitrogen pressure of 3 Pa. However, taking into account the measurement uncertainty, it can be assumed that all coatings, regardless of nitrogen pressure during deposition, are characterized by similar hardness and Young's modulus.
Relatively low hardness of AlCrN coatings obtained at a nitrogen pressure from 1 to 3 Pa is related to the presence of the a-Cr phase (Fig. 3) Equally low hardness from 6 to 14 GPa of AlCrN coatings deposited by reactive magnetron co-sputtering using a direct current (DC) power source to Al target and a radio frequency It should also be noted that higher hardness of the coatings with lower aluminum concentration is related to density of the coatings. The coatings with c-AlN should have higher hardness than h-AlN due to their higher volume density ($ 18%) compared with that of h-AlN (Ref 43) .
Adhesion of the coating, except hardness, is one of its most important properties. From among many different methods for its determination, the scratch test is probably the most commonly used one. It is determined by unique numerical result. A significant influence on the determined adhesion of the coating is, among others, the hardness of the substrate and its roughness. It was found that with the increase in the substrate roughness parameter Ra, the critical load Lc 2 of the coating decreases (Ref 44, 45) . In turn, the increase in the hardness of the substrate causes an increase in the measured critical load Lc 2 (Ref 45) . Therefore, special attention was paid to the preparation of substrates, they were characterized by the same hardness and roughness.
The essence of the scratch test is to introduce stresses by deforming the surface of the coating with an indenter moving simultaneously in two directions: perpendicular and parallel to the surface. The critical load Lc 2 of coatings deposited in different nitrogen pressure is shown in Fig. 7 The Daimler-Benz indentation test results are presented in Fig. 8 . The micrographs of AlCrN coating show generally the only small chipping for all coatings. These results confirm scratch test results where Lc 2 is almost constant independent on nitrogen pressure during deposition. The coatings are characterized by small circular cracks around the indentation, as shown in Fig. 8(a), (b), (d) and (e). They probably correspond to the generation of large tensile stress resulted in the pileup of the substrate material around the indentation in the DB test. This effect dominates in the hard and brittle coatings (Ref 41) .
Adhesion of the coatings expressed as critical force in the scratch test depends on many factors, including the roughness and hardness of the substrate. Valleti et al. (Ref 45) found that in the case of substrates with increased hardness the higher critical force has been recorded. Due to it, the roughness of the substrates was the same.
The highest coefficient of friction around 0.7 corresponds to the coating deposited under nitrogen pressure of 1 Pa. It slightly decreases to 0.6 for the coating deposited at 4 Pa. Due to measurement uncertainty of about 0.07 coefficient of friction rather do not depend on nitrogen pressure and substrate bias voltage during deposition. Similar conclusion is presented by The SEM morphology of selected coating wear tracks is presented in Fig. 9 . The sliding distance in wear test was 2000 m. The worn track in the coatings deposited at nitrogen pressure of 1 Pa is rough and exhibits extensive abrasive wear. In wear test of other coatings, a smooth worn surface was formed. Some holes in the wear track related to macroparticles removed during the test are also observed. The coatings deposited at nitrogen pressure of 4 and 5 Pa show smooth surface without plowing and debris. The wear depth was about 2 lm (1 Pa) and decreases with nitrogen pressure to about 0.6 lm (4 Pa).
EDX analysis of wear tracks reveals the next element on the worn surface-oxygen. Its concentration decreases with nitrogen pressure during deposition. The aluminum rate Al/(Al + Cr) in the wear track is similar as in corresponding coatings.
The sliding speed and the normal load are two key parameters in wear test. They also have a great influence on the temperature at the contact area during wear sliding. The flash temperature at the contact area can be expressed by the following equations (Ref 50):
where: DT-the flash temperature at the contact area, l-the friction coefficient, P-the normal load, v-the sliding speed, a-the contact radius of the real contact area, H-the hardness of the coating, Lower coefficient of friction, about 0.51 ± 0.02 and specific wear rate (5.7 ± 0.8) 9 10 À 7 mm 3 /Nm was found for CrN coating deposited using cathodic arc evaporation (Ref 56) . The test conditions were the same as in AlCrN coatings. Really, Al addition to CrN improves the wear resistance of the coatings, despite relatively low hardness ranged from 15 to 18 GPa. The wear track is smooth indicating on abrasive type of wear.
Many authors indicate that for AlCrN coatings with hexagonal phase of AlN the mechanical properties are deteriorated (Ref 8, 42, 43, 57) . Indeed, hardness in investigated coatings is lower for about 50-100% compared to coatings with cubic AlN phase (Ref 9, 29) . Despite it, the adhesion of the coatings is high, above 80 N and wear rate is low, about 1.4 9 10 À 7 mm 3 /Nm for coatings deposited at nitrogen pressure higher than 2 Pa. It means that coatings show very good tribological properties.
In coatings deposited at 1-2 Pa of nitrogen pressure the diffraction lines from Cr 2 N and Cr phases are observed, as shown in Fig. 3 . It is known that Cr 2 N has higher hardness, lower adhesion and worse tribological properties, higher coefficient of friction and wear rate than CrN (Ref 41). For higher nitrogen pressure Cr 2 N phase is not observed, the critical load increases and wear rate decreases. SEM studies indicate that the dominating wear mechanism in the tests against Al 2 O 3 ball is abrasion.
Conclusions
The paper presents the results of investigations of AlCrN coatings deposited using cathodic arc evaporation from Al 80 Cr 20 cathode. The effects of nitrogen pressure and substrate bias voltage on chemical and phase structure as well as mechanical properties were studied and made it possible to formulate the following conclusions:
• The highest deposition rate of coating was observed for nitrogen pressure of 3 Pa, about 50 nm/min. • In the coatings occur two phases: hexagonal aluminum nitride and cubic chromium nitride.
• The roughness Ra of the coating surface decreases from about 0.27 to about 0.10 lm with the increase in nitrogen pressure. This is related to the reduction of the amount of macroparticles on the surface of the coating, • The hardness of the coatings, taking into account the uncertainty of measurement, is independent on the nitrogen pressure and is about 17 GPa.
• The coatings deposited at a nitrogen pressure of about 3-4 Pa are characterized by the highest adhesion to the substrate, the critical force is about 95 N.
• The coatings deposited at nitrogen pressure of 2-5 Pa are characterized by low wear rate between 1.3 9 10 À7 and 2.5 9 10 À7 mm 3 /Nm.
